1. Introduction
===============

Production of waste materials is an undeniable part of human society. The wastes are produced by several sectors including industries, forestry, agriculture and municipalities. The accumulation of waste and the "throw-away philosophy" result in several environmental problems, health issues and safety hazards, and prevent sustainable development in terms of resource recovery and recycling of waste materials. A perspective aimed at promoting greater sustainable development and resource recovery has influenced solid waste management practices, and is gradually becoming implemented through policy guidelines at national levels in a number of industrialized and even developing countries. Guidelines and directives to reduce waste generation and promote waste recovery are laid down according to the "waste management hierarchy", in which waste prevention, reuse, recycling and energy recovery are designed to minimize the amount of waste left for final, safe disposal \[[@b1-ijms-9-1621]\].

Ethanol is now the most important renewable fuel in terms of volume and market value \[[@b2-ijms-9-1621]\]. Nowadays it is produced from sugar-and starch-based materials such as sugarcane and corn. However, the second generation production of ethanol derived from lignocellulosic materials is now being tested in pilot plants \[[@b3-ijms-9-1621], [@b4-ijms-9-1621]\]. The present work paves the way for integrating waste streams into the raw materials for ethanol plants, by reviewing different methods for their pretreatment for improved production of ethanol.

Biogas is another energy source that is used as car fuel, or for production of heat or electricity in different countries \[[@b5-ijms-9-1621], [@b6-ijms-9-1621]\]. Biogas production from activated sludge is an old and almost established process. It has also recently been produced on industrial scales from municipal solid waste (MSW) and some homogeneous wastes such as manures. Forestry and agriculture residues and MSW are by nature heterogeneous in size, composition, structure, and properties. Sugars, starches, lipids and proteins present in MSW are among the materials easily degradable by microorganisms, while some other fractions such as lignocelluloses and keratin are more difficult to degrade \[[@b7-ijms-9-1621]\]. Biological degradations of these polymers are carried out by several enzymes such as amylase, cellulase, protease, keratinase and lipase, before further fermentation or digestion to e.g. ethanol or biogas. However, these polymers should be accessible to the enzymes for biodegradation.

Pretreatment by physical, chemical or biological means is a well-investigated process for ethanol production from lignocellulosic materials. Furthermore, there have been some efforts to pretreat waste materials for biogas production. The pretreatment can enhance the bio-digestibility of the wastes for ethanol and biogas production and increase accessibility of the enzymes to the materials. It results in enrichment of the difficult biodegradable materials, and improves the yield of ethanol or biogas from the wastes ([Figure 1](#f1-ijms-9-1621){ref-type="fig"}).

The present work deals with reviewing the pretreatment processes used in ethanol and biogas processes from waste materials. However, since wastes comprise a wide range of materials, we dedicate this review only to lignocellulosic part of waste materials in order to shorten the discussion.

2. Lignocelluloses among waste materials
========================================

In addition to inorganic wastes, different types of polymers are available in various waste materials. Natural materials such as starch, lipids, glycogen, elastin, collagen, keratin, chitin and lignocelluloses, as well as synthetic polymers such as polyesters, polyethylene and polypropylene, are among these polymers. In this work, we focus on treatment of lignocellulosic polymers that are resistant to biological degradation.

Lignocelluloses ([Figure 2](#f2-ijms-9-1621){ref-type="fig"}) comprise a large fraction of municipal solid waste (MSW), crop residues, animal manures, woodlot arisings, forest residues, or dedicated energy crops \[[@b5-ijms-9-1621]\]. Lignocelluloses are composed of cellulose, hemicellulose, lignin, extractives, and several inorganic materials \[[@b8-ijms-9-1621]\]. Cellulose or β-1-4-glucan is a linear polysaccharide polymer of glucose made of cellobiose units \[[@b9-ijms-9-1621], [@b10-ijms-9-1621]\]. The cellulose chains are packed by hydrogen bonds in so-called 'elementary and microfibrils' \[[@b11-ijms-9-1621]\]. These fibrils are attached to each other by hemicelluloses, amorphous polymers of different sugars as well as other polymers such as pectin, and covered by lignin. The microfibrils are often associated in the form of bundles or macrofibrils \[[@b9-ijms-9-1621]\] ([Figure 2](#f2-ijms-9-1621){ref-type="fig"}). This special and complicated structure makes cellulose resistant to both biological and chemical treatments. Cellulose is available in waste streams in the form of lignocelluloses, or partly purified in the form of e.g. papers or pure cellulose such as cotton, or mixed with other materials, in e.g. citrus wastes \[[@b12-ijms-9-1621]\].

The dominant sugars in hemicelluloses are mannose in softwoods and xylose in hardwoods and agriculture residues \[[@b13-ijms-9-1621]--[@b15-ijms-9-1621]\]. Furthermore, these heteropolymers contain galactose, glucose, arabinose, and small amounts of rhamnose, glucuronic acid, methyl glucuronic acid, and galacturonic acid. In contrast to cellulose, which is crystalline and strong, hemicelluloses have a random, amorphous, and branched structure with little resistance to hydrolysis, and they are more easily hydrolyzed by acids to their monomer components \[[@b8-ijms-9-1621], [@b10-ijms-9-1621], [@b16-ijms-9-1621]--[@b18-ijms-9-1621]\].

Lignin is a very complex molecule constructed of phenylpropane units linked in a three-dimensional structure which is particularly difficult to biodegrade. Lignin is the most recalcitrant component of the plant cell wall, and the higher the proportion of lignin, the higher the resistance to chemical and enzymatic degradation. Generally, softwoods contain more lignin than hardwoods and most of the agriculture residues. There are chemical bonds between lignin and hemicellulose and even cellulose \[[@b19-ijms-9-1621], [@b20-ijms-9-1621]\]. Lignin is one of the drawbacks of using lignocellulosic materials in fermentation, as it makes lignocellulose resistant to chemical and biological degradation.

3. Effective parameters in pretreatment of lignocelluloses
==========================================================

The inherent properties of native lignocellulosic materials make them resistant to enzymatic attack. The aim of pretreatment is to change these properties in order to prepare the materials for enzymatic degradation. Since lignocellulosic materials are very complicated, their pretreatment is not simple either. The best method and conditions of pretreatment depend greatly on the type of lignocelluloses. For instance, pretreatment of bark from poplar trees or corn leaf with a dilute-acid process seems to be promising, but this method is not effective for treating the bark from sweetgum or corn stalks \[[@b21-ijms-9-1621], [@b22-ijms-9-1621]\].

The crystallinity of cellulose, its accessible surface area and protection by lignin and hemicellulose, degree of cellulose polymerization, and degree of acetylation of hemicelluloses are the main factors considered as affecting the rate of biological degradation of lignocelluloses by the enzymes \[[@b23-ijms-9-1621]\]. These factors will be discussed briefly below.

3.1. Crystallinity
------------------

The cellulose microfibrils have both crystalline and amorphous regions, and the crystallinity is given by the relative amounts of these two regions. The major part of cellulose (around 2/3 of the total cellulose) is in the crystalline form \[[@b24-ijms-9-1621]\]. It was shown that cellulase readily hydrolyzes the more accessible amorphous portion of cellulose, while the enzyme is not so effective in degrading the less accessible crystalline portion. It is therefore expected that high-crystallinity cellulose will be more resistant to enzymatic hydrolysis, and it is widely accepted that decreasing the crystallinity increases the digestibility of lignocelluloses \[[@b25-ijms-9-1621]\].

On contrary, there are some studies \[[@b23-ijms-9-1621], [@b26-ijms-9-1621]\] that show more digestibility of more crystalline lignocelluloses. This conflict in the reports might appear, while the effects of other factors are ignored. Grethlein \[[@b26-ijms-9-1621]\] pretreated hard-and softwoods by mild acid hydrolysis and determined their pore size distribution. Regardless of the substrate, the initial rate of hydrolysis was shown to be linearly correlated with the pore volume of the substrate accessible to the size of the cellulase. However, it was also shown that the crystallinity index has no relationship to the rate of hydrolysis. Kim and Holtzapple \[[@b27-ijms-9-1621]\] found that the degree of crystallinity of corn stover slightly increased from 43% to 60% through delignification with calcium hydroxide, which was related to removal of amorphous components (lignin, hemicellulose). However, an increase in crystallinity of pretreated material did not negatively affect the yield of enzymatic hydrolysis. Fan *et al*. \[[@b25-ijms-9-1621]\] studied the effect of ball milling on surface area and crystallinity of cellulose. They observed an increase in crystallinity of cellulose by reducing the size of cellulose by milling. It is believed that recrystallization during water swelling may increase the crystallinity of highly ball-milled cellulose.

This discussion may indicate that the crystallinity is an important factor in digestibility of lignocelluloses. However, it is not the only factor in effective enzymatic hydrolysis of these materials, due to the heterogeneous nature of celluloses and the contribution of other components such as lignin and hemicellulose.

3.2. Effect of accessible surface area
--------------------------------------

Several studies have shown a good correlation between the pore volume or population (accessible surface area for cellulase) and the enzymatic digestibility of lignocellulosic materials. The main reason for improvement in enzymatic hydrolysis by removing lignin and hemicellulose is related to the cellulose accessible surface area. The effect of this area may correlate with crystallinity or lignin protection or hemicellulose presentation or all of them. Therefore, many researchers have not considered the accessible surface area as an individual factor that affects the enzymatic hydrolysis \[[@b23-ijms-9-1621]\]. The first part of enzymatic hydrolysis consists of \[[@b23-ijms-9-1621], [@b28-ijms-9-1621]\]: (I) adsorption of cellulase enzymes from liquid phase onto the surface of cellulose (solid), (II) biodegradation of cellulose to simple sugars, mainly cellobiose and oligomers, and (III) desorption of cellulase to the liquid phase. Thus, the reaction is a heterogeneous catalytic reaction and direct physical contact between the cellulytic enzymes' molecules and cellulose is a prerequisite for enzymatic hydrolysis. As a result, the accessible surface area in lignocellulosic material and its interaction with the enzymes can be limiting in enzymatic hydrolysis \[[@b25-ijms-9-1621], [@b28-ijms-9-1621], [@b29-ijms-9-1621]\].

Lignocellulosic materials have two different types of surface area: external and internal. The external surface area is related to the size and shape of the particles, while the internal surface area depends on the capillary structure of cellulosic fibers. Typically, dry cellulosic fibers have small size, about 15 to 40 μm, and therefore they possess a considerable external specific surface area, e.g. 0.6--1.6 m^2^/g. However, the internal surface area of dried cellulosic fibers is smaller than the external surface area. Swelling of lignocelluloses with water and polar solvents creates a very large internal surface area \[[@b25-ijms-9-1621]\]. Drying of fibers can result in irreversible collapse and shrinking of the capillary and thus reduce the accessible surface area. Presence of water has a significant effect on the specific surface area of natural cellulose. The specific surface area is known to increase with wetting. Water is known to increase the crystallinity of cellulose, due to a re-crystallization of highly amorphous cellulose.

The accessible surface area changes during enzymatic hydrolysis. The rate of hydrolysis is usually very high at first, and then decreases in the later stages. The specific surface area, or accessible surface area per gram of substrate (m^2^/g), sharply increases during the initial stage. However, it was shown that the cellulose surface area is not a major limiting factor for hydrolysis of pure cellulose \[[@b25-ijms-9-1621]\]. In other words, the slowdown of hydrolysis in the later stages is not due to a lack of associable surface area, but to the difficulty in hydrolysis of crystalline part of cellulose. Therefore, one may expect a lower rate of hydrolysis after hydrolysis of the amorphous cellulose \[[@b25-ijms-9-1621]\].

3.3. Effect of lignin
---------------------

The cellulose and hemicellulose are cemented together by lignin. Lignin is responsible for integrity, structural rigidity, and prevention of swelling of lignocelluloses. Thus, lignin content and distribution constitute the most recognized factor which is responsible for recalcitrance of lignocellulosic materials to enzymatic degradation by limiting the enzyme accessibility; therefore the delignification processes can improve the rate and extent of enzymatic hydrolysis. However, in most delignification methods, part of the hemicellulose is also hydrolyzed, and hence the delignification does not show the sole effect of lignin \[[@b23-ijms-9-1621]\]. Dissolved lignin due to e.g. pretreatment of lignocelluloses is also an inhibitor for cellulase, xylanase, and glucosidase. Various cellulases differ in their inhibition by lignin, while the xylanases and glucosidase are less affected by lignin \[[@b30-ijms-9-1621]\].

The composition and distribution of lignin might also be as important as the concentration of lignin. Some softwoods are more recalcitrant than hardwoods. This might be related to the lignin type, since softwoods have mainly guaiacyl lignin while hardwoods have a mix of guaiacyl and syringyl lignin. It has been suggested that guaiacyl lignin restricts fiber swelling and enzyme accessibility more than syringyl lignin \[[@b31-ijms-9-1621]\].

In some investigations (e.g. \[[@b32-ijms-9-1621]\]), the inhibitory role of lignin has been related to its effect on cellulose swelling. On the other hand, the swelling can be achieved without removal of lignin, and it does not increase the pore size or the extent of hydrolysis. However, it was shown that lignin still has a significant effect on enzymatic digestibility, even in cases where it no longer prevents fiber swelling. The reason for improved rate of hydrolysis by removal of lignin might be related to a better surface accessibility for enzymes by increasing the population of pores after removing of lignin.

3.4. Effect of hemicellulose
----------------------------

Hemicellulose is a physical barrier which surrounds the cellulose fibers and can protect the cellulose from enzymatic attack. Many pretreatment methods were shown to be able to remove hemicelluloses and consequently improve the enzymatic hydrolysis. But most of these processes partly remove the lignin as well, so the improvement is not the result of removal of hemicellulose alone \[[@b23-ijms-9-1621]\]. The accessible surface for enzymatic attack may be related to cellulose crystallinity, lignin, and hemicellulose content. Hemicellulose can be hydrolyzed by enzymatic hydrolysis by hemicellulase. However, a suitable pretreatment, e.g. dilute-acid treatment which removes the hemicellulose, eliminates or reduces the need for use of hemicellulase enzyme mixtures for degrading of biomass \[[@b33-ijms-9-1621]\].

4. Pretreatment methods for lignocellulose wastes
=================================================

To achieve enzymatic degradation in production of ethanol by enzymatic hydrolysis or in order to improve formation of biogas, a pretreatment process is necessary. An effective and economical pretreatment should meet the following requirements: (a) production of reactive cellulosic fiber for enzymatic attack, (b) avoiding destruction of hemicelluloses and cellulose, (c) avoiding formation of possible inhibitors for hydrolytic enzymes and fermenting microorganisms, (d) minimizing the energy demand, (e) reducing the cost of size reduction for feedstocks, (f) reducing the cost of material for construction of pretreatment reactors, (g) producing less residues, (h) consumption of little or no chemical and using a cheap chemical.

Several methods have been introduced for pretreatment of lignocellulosic materials prior to enzymatic hydrolysis or digestion. These methods are classified into "Physical pretreatment", "Physico-chemical pretreatment", "Chemical pretreatment", and "Biological pretreatment" \[[@b23-ijms-9-1621], [@b30-ijms-9-1621], [@b34-ijms-9-1621]--[@b56-ijms-9-1621]\]. The methods of pretreatment of lignocellulosic materials are summarized in [Table 1](#t1-ijms-9-1621){ref-type="table"}. In this section, we review these methods, although not all of them have yet developed enough to be feasible for applications in large-scale processes.

4.1. Physical pretreatment
--------------------------

Physical pretreatment can increase the accessible surface area and size of pores, and decrease the crystallinity and degrees of polymerization of cellulose. Different types of physical processes such as milling (e.g. ball milling, two-roll milling, hammer milling, colloid milling, and vibro energy milling) and irradiation (e.g. by gamma rays, electron beam or microwaves) can be used to improve the enzymatic hydrolysis or biodegradability of lignocellulosic waste materials.

### 4.1.1. Milling

Milling can be employed to alter the inherent ultrastructure of lignocelluloses and degree of crystallinity, and consequently make it more amenable to cellulase \[[@b57-ijms-9-1621]\]. Milling and size reduction have been applied prior to enzymatic hydrolysis, or even other pretreatment processes with dilute acid, steam or ammonia, on several lignocellulosic waste materials, MSW and activated sludge \[[@b57-ijms-9-1621]--[@b60-ijms-9-1621]\]. Among the milling processes, colloid mill, fibrillator and dissolver are suitable only for wet materials, e.g. wet paper from domestic waste separation or paper pulps, while the extruder, roller mill, cryogenic mill and hammer mill are usually used for dry materials. The ball mill can be used for either dry or wet materials. Grinding with hammer milling of waste paper is a favorable method \[[@b61-ijms-9-1621]\].

Milling can improve susceptibility to enzymatic hydrolysis by reducing the size of the materials \[[@b62-ijms-9-1621]\], and degree of crystallinity of lignocelluloses \[[@b25-ijms-9-1621]\], which improves enzymatic degradation of these materials toward ethanol or biogas. Without any pretreatment, corn stover with sizes of 53--75 μm was 1.5 times more productive than larger corn stover particles of 425--710 μm \[[@b62-ijms-9-1621]\]. Sidiras and Koukios \[[@b63-ijms-9-1621]\] showed that due to crystallinity reduction by ball milling, saccharification of more than 50% of straw cellulose with minimal glucose degradation becomes possible at mild hydrolytic conditions. The crystallinity index of Solka Floc by ball milling changed from 74.2 to 4.9% \[[@b25-ijms-9-1621]\]. The milling process has been studied prior to and in combination with enzymatic hydrolysis, where mechanical actions, mass transport and enzymatic hydrolysis are performed simultaneously in order to improve the hydrolysis process. The attrition mill bioreactor \[[@b64-ijms-9-1621]\] and the intensive mass transfer reactor including ferromagnetic particles and two ferromagnetic inductors \[[@b65-ijms-9-1621]\] are two examples of these processes.

Mais *et al*. \[[@b57-ijms-9-1621]\] used a ball mill reactor for the pretreatment and hydrolysis of α-cellulose and SO~2~-impregnated steam-exploded Douglas fir wood chips. They reported the number of ball beads as an effective parameter to improve enzymatic hydrolysis of α-cellulose. They obtained up to 100% hydrolysis of lignocellulosic substrate with a relatively low enzyme loading (10 filter paper units/g of cellulose) when the materials were pretreated with the mills. Jim and Chen \[[@b66-ijms-9-1621]\] studied superfine grinding, i.e. in the order of 60 μm, of steam-exploded rice straw. Rice straw was cut to 5--8 cm and steam exploded at 180, 195, 210 and 220 °C for 4--5 min separately by saturated steam. The steam-treated material was then pulverized using a vegetation disintegrator, and was put into superfine grinding using a fluidized-bed opposed jet mill. The enzymatic hydrolysis of the superfine ground straw gained the highest hydrolytic rate and yielded a very high reducing sugar.

It was shown that smaller particles were better digested in biogas production, but size reduction would have been more efficient if combined with other pretreatments. A study for improvement of biogas production from rice straw showed that a combination of grinding, heating, and ammonia treatment (2%) resulted in the highest biogas yield \[[@b59-ijms-9-1621]\]. In another study, grinding of municipal solid waste from 2.2 to 1.1 mm had no effect on mesophilic digestion, but improved thermophilic digestion by 14% \[[@b6-ijms-9-1621]\]. Similar work on waste-activated sludge showed a substantial improvement (16--110%) in volatile solid destruction as the effect of mechanical shear \[[@b60-ijms-9-1621]\]. However, this effect was sludge-dependent.

Ball milling involves significant energy costs. It was suggested to use a continuous stirred tank reactor (CSTR) located between a ball mill and a hollow-fiber cartridge, in order to decrease the energy costs \[[@b67-ijms-9-1621]\]. Another disadvantage of milling is its inability to remove the lignin which restricts the access of the enzymes to cellulose and inhibit cellulases \[[@b30-ijms-9-1621], [@b68-ijms-9-1621]\].

### 4.1.2. Irradiation

Irradiation by e.g. gamma rays, electron beam and microwaves can improve enzymatic hydrolysis of lignocelluloses. The combination of the radiation and other methods such as acid treatment can further accelerate enzymatic hydrolysis \[[@b69-ijms-9-1621], [@b70-ijms-9-1621]\]. Irradiation has enhanced enzymatic degradation of cellulose into glucose. However, pre-irradiation is more effective in air than in acid solution \[[@b70-ijms-9-1621]\]. Kumakura and Kaetsu \[[@b71-ijms-9-1621]\] studied the effect of irradiation for pretreatment of bagasse prior to its enzymatic hydrolysis. The pretreated bagasse resulted in double yield of glucose by the hydrolysis compared to the untreated one. The cellulose component of the lignocellulose materials can be degraded by irradiation to fragile fibers and low molecular weight oligosaccharides and even cellobiose \[[@b71-ijms-9-1621]\]. It could be due to preferential dissociation of the glucoside bonds of the cellulose molecular chains by irradiation in the presence of lignin. A very high irradiation, above 100 MR, can lead to the decomposition of oligosaccharides and the glucose ring structure \[[@b71-ijms-9-1621]\]. The enzymatic hydrolysis of filter paper with no lignin was not improved by irradiation pretreatment. Furthermore, enzymatic hydrolysis of newspapers with small amounts of lignin was slightly improved by irradiation. Therefore, the effect of radiation should be correlated with the presence of lignin as well as the structure such as crystallinity and density \[[@b71-ijms-9-1621]--[@b74-ijms-9-1621]\]. However, the irradiation methods are expensive and have difficulties in industrial application.

Ultrasound is a means used for pretreatment in biogas production. It can be used for disintegration of waste-activated sludge and aquaculture effluents \[[@b75-ijms-9-1621]--[@b78-ijms-9-1621]\]. In this method, the sludge flocculi are disintegrated and the bacterial cells' walls are disrupted \[[@b78-ijms-9-1621]\]. Several factors such as ultrasonic density and intensity, sludge pH and sludge concentration have impact on the disintegration \[[@b79-ijms-9-1621]\]. In addition to sonication, other methods such as cavitation, repeated freezing and defreezing, and heating at low temperatures of e.g. 60--170°C for 5--30 min or high temperatures of 180--200 °C for 10 s, can improve cell disruption and lysing \[[@b80-ijms-9-1621], [@b81-ijms-9-1621]\]. The other physical methods such as γ-irradiation \[[@b82-ijms-9-1621]\], microwaves \[[@b83-ijms-9-1621]--[@b85-ijms-9-1621]\] and electrical pulses \[[@b86-ijms-9-1621]\] have also been used to improve formation of biogas from waste materials.

4.2. Physico-chemical pretreatment
----------------------------------

Pretreatments that combine both chemical and physical processes are referred to as physico-chemical processes \[[@b87-ijms-9-1621]\]. We review the most important processes of this group in this section.

### 4.2.1. Steam explosion (autohydrolysis)

Among the physico-chemical processes, steaming with or without explosion (autohydrolysis) has received substantial attention in pretreatment for both ethanol and biogas production. The pretreatment removes most of the hemicellulose, thus improving the enzymatic digestion. In steam explosion, the pressure is suddenly reduced and makes the materials undergo an explosive decompression. High pressure and consequently high temperature, typically between 160 and 260 °C, for a few seconds (e.g. 30 s) to several minutes (e.g. 20 min), were used in steam explosion \[[@b49-ijms-9-1621], [@b88-ijms-9-1621]--[@b99-ijms-9-1621]\]. The steam explosion process is well documented and was tested in lab-and pilot processes by several research groups and companies. Its energy cost is relatively moderate, and it satisfies all the requirements of the pretreatment process.

The process of steam explosion was demonstrated on a commercial scale at the Masonite plants \[[@b24-ijms-9-1621]\]. Increase in temperature up to a certain level can effectively release hemicellulosic sugars. However, the sugars loss steadily increases by further increasing the temperature, resulting in a decrease in total sugar recovery \[[@b100-ijms-9-1621]\]. Ruiz *et al*. \[[@b100-ijms-9-1621]\] studied steam explosion for pretreatment of sunflower stalks before enzymatic hydrolysis at a temperature in the range of 180--230 °C. The highest glucose yield was obtained in steam-pretreated sunflower stalks at 220 °C, while the highest hemicellulose recovery was obtained at 210 °C pre-treatment temperature. Using a steam explosion process for pretreatment of poplar (*Populus nigra*) biomass, at 210 °C and 4 min, resulted in cellulose recovery above 95%, enzymatic hydrolysis yield of about 60%, and 41% xylose recovery in the liquid fraction. Furthermore, the large particles can be used for poplar biomass, since no significant effect of particle size on enzymatic hydrolysis was observed \[[@b101-ijms-9-1621]\].

Ballesteros *et al*. \[[@b92-ijms-9-1621]\] applied steam explosion for production of ethanol from several lignocellulosic materials with *Kluyveromyces marxianus*. The poplar and eucalyptus chips were treated at 210°C for 4 min; wheat straw at 190 °C for 8 min; *Brassica carinata* residue at 210 °C at 8 min; and sweet sorghum bagasse at 210 °C for 2 min. Steam explosion extensively solubilized the hemicellulosic sugars and decreased 75--90% of xylose content, depending on the substrate. It is possible to combine steaming and mechanical treatment to effectively disrupt the cellulosic structure. Several combination technologies have been developed \[[@b24-ijms-9-1621], [@b102-ijms-9-1621], [@b103-ijms-9-1621]\].

Steam explosion and thermal pretreatments are widely investigated for improving biogas production from different dedicated materials such as forest residuals \[[@b104-ijms-9-1621]\] and wastes of e.g. activated sludge \[[@b105-ijms-9-1621]--[@b108-ijms-9-1621]\], cattle manure \[[@b109-ijms-9-1621]\] or municipal solid wastes \[[@b110-ijms-9-1621]\]. However, there are several investigations on combining "thermal" pretreatment with addition of bases such as NaOH, which usually give a better result than individual thermal or chemical pretreatment (e.g. \[[@b111-ijms-9-1621]--[@b113-ijms-9-1621]\]).

Special care should be taken in selecting the steam explosion conditions in order to avoid excessive degradation of the physical and chemical properties of the cellulose. In very harsh conditions, lower enzymatic digestibility of lignocelluloses may also be observed after steam explosion. For instance, generation of condensation substances between the polymers in steam explosion of wheat straw may lead to a more recalcitrant residue \[[@b114-ijms-9-1621]\].

### 4.2.2. Steam explosion with addition of SO~2~

Steam pretreatment can be performed with addition of sulfur dioxide (SO~2~), while the aim of adding this chemical is to improve recovering both cellulose and hemicellulose fractions. The treatment can be carried out by 1--4% SO~2~ (w/w substrate) at elevated temperatures, e.g. 160--230 °C, for a period of e.g. 10 min \[[@b53-ijms-9-1621]\]. Eklund *et al*. \[[@b53-ijms-9-1621]\] studied steam pretreatment of willow with the addition of SO~2~ or H~2~SO~4~ in order to recover both cellulose and hemicellulose. The maximum glucose yield, 95%, was obtained when the willow was treated with 1% SO~2~ at 200 °C. However, the yield of xylose recovery by SO~2~ was not as high as pretreatment with dilute sulfuric acid.

### 4.2.3. Ammonia fiber explosion (AFEX)

AFEX is one of the alkaline physico-chemical pretreatment processes. Here the biomass is exposed to liquid ammonia at relatively high temperature (e.g. 90--100 °C) for a period of e.g. 30 min, followed by immediate reduction of pressure. The effective parameters in the AFEX process are ammonia loading, temperature, water loading, blowdown pressure, time, and number of treatments \[[@b46-ijms-9-1621]\]. The AFEX process produces only a pretreated solid material, while some other pretreatments such as steam explosion produce a slurry that can be separated in a solid and a liquid fractions \[[@b115-ijms-9-1621]\].

The AFEX process can either modify or effectively reduce the lignin fraction of the lignocellulosic materials, while the hemicellulose and cellulose fractions may remain intact. At optimum conditions, AFEX can significantly improve the enzymatic hydrolysis. The optimum conditions for AFEX depend on the lignocellulosic materials. For example, the optimum conditions in pretreatment of switchgrass were reported to be about 100°C, ammonia loading of 1:1 kg of ammonia per kg of dry matter, and 5 min retention time \[[@b43-ijms-9-1621]\]. One of the major advantages of AFEX pretreatment is no formation of some types of inhibitory by-products, which are produced during the other pretreatment methods, such as furans in dilute-acid and steam explosion pretreatment. However, part of phenolic fragments of lignin and other cell wall extractives may remain on the cellulosic surface. Therefore, washing with water might be necessary to remove part of these inhibitory components, although increasing the amount of wastewater from the process \[[@b116-ijms-9-1621]\]. However, there are some disadvantages in using the AFEX process compared to some other processes. AFEX is more effective on the biomass that contains less lignin, and the AFEX pretreatment does not significantly solubilize hemicellulose compared to other pretreatment processes such as dilute-acid pretreatment. Furthermore, ammonia must be recycled after the pretreatment to reduce the cost and protect the environment \[[@b23-ijms-9-1621], [@b28-ijms-9-1621], [@b117-ijms-9-1621]\].

### 4.2.4. CO~2~ explosion

Supercritical carbon dioxide has been considered as an extraction solvent for non-extractive purposes, due to several advantages such as availability at relatively low cost, non-toxicity, non-flammability, easy recovery after extraction, and environmental acceptability \[[@b118-ijms-9-1621]\]. Supercritical carbon dioxide displays gas-like mass transfer properties, besides a liquid-like solvating power \[[@b119-ijms-9-1621]\]. It was shown that in the presence of water, supercritical CO~2~ can efficiently improve the enzymatic digestibility of aspen (hardwood) and southern yellow pine (softwood) \[[@b120-ijms-9-1621]\]. The delignification with carbon dioxide at high pressures can be improved by co-solvents such as ethanol--water or acetic acid--water, and can efficiently increase the lignin removal \[[@b121-ijms-9-1621]\]. Carbon dioxide molecules should be comparable in size to those of water and ammonia, and should be able to penetrate small pores accessible to water and ammonia molecules.

Simultaneous pretreatment by CO~2~ explosion and enzymatic hydrolysis in one step has also been of interest \[[@b118-ijms-9-1621], [@b122-ijms-9-1621]\]. Park *et al*. \[[@b122-ijms-9-1621]\] obtained 100% glucose yield, while applying supercritical CO~2~ and enzymatic hydrolysis of cellulose simultaneously. The cellulase was sustained at pressures of up to 160 bar for 90 min at 50 °C under supercritical carbon dioxide. They found that kinetic constants of hydrolysis under supercritical conditions were increased, compared to those under atmospheric conditions. Zheng and Tsao \[[@b118-ijms-9-1621]\] showed cellulase enzyme to be stable in supercritical CO~2~ at a temperature of 35 °C. Only a slight decay indicates a loss of activity of about 10% after 5 days.

Explosion pretreatments of the cellulosic materials by supercritical carbon dioxide were studied by Zheng *et al*. \[[@b119-ijms-9-1621]\]. Upon an explosive release of the carbon dioxide pressure, the disruption of the cellulosic structure should increase the accessible surface area of the substrate for enzymatic hydrolysis. Temperature is an important factor in the cellulosic hydrolysis. The experiments can be carried out at either supercritical or subcritical temperature (respectively above and below 31.1 °C). Experimental results indicated that subcritical carbon dioxide is less effective than supercritical \[[@b119-ijms-9-1621]\]. A reason for such retardation in subcritical carbon dioxide is likely to be low diffusion in liquid carbon dioxide. In comparison with supercritical temperatures, carbon dioxide molecules at subcritical conditions find it relatively hard to penetrate the pores in the cellulosic structures, and then disrupt them when the carbon dioxide pressure is released suddenly. The higher pressure of carbon dioxide resulted in the higher glucose yield, which indicates that higher pressure is desirable for faster penetration of the carbon dioxide molecules into the cellulosic pores \[[@b119-ijms-9-1621]\]. Apart from these advantages, the supercritical CO~2~ process might be too expensive for industrial application.

### 4.2.5. Liquid hot-water pretreatment

Cooking of lignocellulosic materials in liquid hot water (LHW) is one of the hydrothermal pretreatment methods applied for pretreatment of lignocellulosic materials since several decades ago in e.g. pulp industries. Water under high pressure can penetrate into the biomass, hydrate cellulose, and remove hemicellulose and part of lignin. The major advantages are no addition of chemicals and no requirement of corrosion-resistant materials for hydrolysis reactors in this process. The feedstock size reduction is a highly energy-demanding operation for the huge bulk of materials on a commercial scale; there could be no need for size reduction in LHW pretreatment. In addition, the process has a much lower need of chemicals for neutralization of the produced hydrolyzate, and produces lower amounts of neutralization residues compared to many processes such as dilute-acid pretreatment. Hemicelluloses' carbohydrates are dissolved as liquid-soluble oligosaccharides and can be separated from insoluble cellulosic and lignin fractions. LHW can enlarge the accessible and susceptible surface area of the cellulose and make it more accessible to hydrolytic enzymes \[[@b62-ijms-9-1621]\].

Pretreatments with steam and LHW are both hydrothermal pretreatments. Higher pentosan recovery and lower formation of inhibitory components are the main advantages of LHW pretreatment compared to steam explosion. For instance, treating of de-starched corn fiber with hot water at 160 °C for 20 min dissolved 75% of the xylan \[[@b123-ijms-9-1621]\]. At higher temperatures, e.g. 220 °C, LHW can dissolve hemicelluloses completely and remove lignin partially within 2 min with no chemicals used \[[@b124-ijms-9-1621]\].

Xylan removal via percolation reactor, or by base addition (adjusting the pH) during the process, has been suggested to reduce the formation of inhibitors such as furfural and degradation of xylose \[[@b98-ijms-9-1621]\]. The pH, processing temperature, and time should be controlled in order to optimize the enzymatic digestibility by LHW pretreatment \[[@b23-ijms-9-1621], [@b115-ijms-9-1621], [@b125-ijms-9-1621], [@b126-ijms-9-1621]\]. An optimized condition for LHW pretreatment of corn stover was reported to be 190 °C for 15 min, in which 90% of the cellulose conversion was observed by subsequent enzymatic hydrolysis \[[@b125-ijms-9-1621]\]. LHW pretreatment at 160 °C and a pH above 4.0 can dissolve 50% of the fibers from corn fibers in 20 min \[[@b126-ijms-9-1621]\]. The results showed that the pretreatment enabled the subsequent complete enzymatic hydrolysis of the remaining polysaccharides, mainly cellulose, to the corresponding monomers. The LHW pretreatment resulted in 80% soluble oligosaccharides and 20% monosaccharides with less than 1% of the carbohydrates lost to degradation products.

Laser *et al*. \[[@b98-ijms-9-1621]\] compared the performance of LHW and steam pretreatments of sugarcane bagasse, which was subsequently used in ethanol production by SSF. They performed the treatments in a 25-l reactor at 170--230 °C for 1--46 min with 1% to 8% solids concentration. The results showed that both methods can significantly improve the hydrolysis; however, the LHW resulted in much better xylan recovery compared to steam pretreatment. Under the optimum conditions, the results of LHW pretreatment were comparable with dilute-acid pretreatment processes, besides having no requirement for acid or production of neutralization wastes. They also showed that the process favored high temperatures (above 220 °C), short residence times (less than 2 min) and low solid concentration (less than 5%).

The hot water processing removes mainly hemicellulose. A two-stage process which combines the hot water for hemicellulose removal and a treatment for delignification (e.g. ammonia treatment) was also suggested for further improvement of enzymatic hydrolysis \[[@b27-ijms-9-1621], [@b127-ijms-9-1621]\].

### 4.2.6. Microwave-chemical pretreatment

The microwave/chemical pretreatment resulted in a more effective pretreatment than the conventional heating chemical pretreatment by accelerating reactions during the pretreatment process \[[@b128-ijms-9-1621], [@b129-ijms-9-1621]\]. Zhu *et al*. \[[@b129-ijms-9-1621]\] examined three microwave/chemical processes for pretreatment of rice straw -- microwave/alkali, microwave/acid/alkali and microwave/acid/alkali/H~2~O~2~ -- for its enzymatic hydrolysis and for xylose recovery from the pretreatment liquid. They found that xylose could not be recovered during the microwave/alkali pretreatment process, but could be recovered as crystalline xylose during the microwave/acid/alkali and microwave/acid/alkali/H~2~O~2~ pretreatment. The enzymatic hydrolysis of pretreated rice straw showed that the pretreatment by microwave/acid/alkali/H~2~O~2~ had the highest hydrolysis rate and glucose content in the hydrolyzate.

4.3. Chemical pretreatment
--------------------------

### 4.3.1. Alkaline hydrolysis

Alkali pretreatment refers to the application of alkaline solutions such as NaOH, Ca(OH)~2~ (lime) or ammonia to remove lignin and a part of the hemicellulose, and efficiently increase the accessibility of enzyme to the cellulose. The alkali pretreatment can result in a sharp increase in saccharification, with manifold yields (e.g. \[[@b130-ijms-9-1621]\]). Pretreatment can be performed at low temperatures but with a relatively long time and high concentration of the base. For instance, when soybean straw was soaked in ammonia liquor (10%) for 24 h at room temperature, the hemicellulose and lignin decreased by 41.45% and 30.16% respectively \[[@b131-ijms-9-1621]\]. However, alkaline pretreatment was shown to be more effective on agricultural residues than on wood materials.

Vaccarino *et al*. \[[@b132-ijms-9-1621]\] studied the effects of SO~2~, Na~2~CO~3~, and NaOH pretreatments on the enzymatic digestibility of grape marc, and the greatest degrading effects were obtained by pretreatment with 1% NaOH solution at 120°C. Silverstein *et al*. \[[@b133-ijms-9-1621]\] studied the effectiveness of sulfuric acid, sodium hydroxide, hydrogen peroxide, and ozone pretreatments for enzymatic conversion of cotton stalks. They found that sodium hydroxide pretreatment resulted in the highest level of delignification (65% with 2% NaOH in 90 min at 121°C) and cellulose conversion (60.8%). Zhao *et al*. \[[@b134-ijms-9-1621]\] reported that pretreatment with NaOH could obtain a higher enzymatic conversion ratio of cellulose compared with H~2~SO~4~ pretreatment. Compared with acid or oxidative reagents, alkali treatment appears to be the most effective method in breaking the ester bonds between lignin, hemicellulose and cellulose, and avoiding fragmentation of the hemicellulose polymers \[[@b135-ijms-9-1621]\].

The alkaline pretreatment was also used as a pretreatment method in biogas production. A pretreatment with bases such as Ca(OH)~2~ could be a solution, when high loads of e.g. lipids and phenolic compounds are subjected to the digestion. Olive mill effluent is an example of seasonal waste with low pH (about 4.3), and high lipid (ca 13 g/l) and phenolic compounds concentration (ca 8 g/l). Addition of lime and bentonite greatly improves the digestion of olive mill effluents with more than 91% removal of COD \[[@b136-ijms-9-1621]\]. In another work, a pretreatment with ultrasound and NaHCO~3~ was reported to improve the digestibility of newsprint wastes \[[@b79-ijms-9-1621]\]. A treatment of waste-activated sludge with 0.3 g NaOH/g volatile solids (VS) at 130°C for 5 min resulted in 40--50% solubilization of VS and more than 200% improvement in methane production compared to the control experiment \[[@b137-ijms-9-1621], [@b138-ijms-9-1621]\]. Furthermore, treatment of the sludge with dilute NaOH (e.g. 1.6 g/l) at room or low temperature (25--55 °C) is able to improve the VS removal by 40--90% \[[@b139-ijms-9-1621], [@b140-ijms-9-1621]\]. A similar treatment by 5 g/kg NaOH on municipal solid waste has also improved the formation of biogas by 35% \[[@b6-ijms-9-1621]\].

### 4.3.2. Alkaline peroxide

Alkaline peroxide is an effective method for pretreatment of biomass. In this method, the lignocelluloses are soaked in pH-adjusted water (e.g. to pH 11--12 using NaOH) containing H~2~O~2~ at room temperatures for a period of time (e.g. 6--24 h). The process can improve the enzymatic hydrolysis by delignification. Saha and Cotta \[[@b141-ijms-9-1621]\] showed that by using such alkaline peroxide pretreatment, wheat straw can be converted to fermentable sugars with an excellent yield (97%) by enzymatic saccharification. In another report \[[@b142-ijms-9-1621]\], they showed that diluted alkaline peroxide treatment (7.5% H~2~O~2~, v/v; pH 11.5; 35 °C; 24 h) is an efficient method for pretreatment of rice hulls, resulting in almost complete conversion (96%) of rice hulls to sugars after enzymatic hydrolysis. No measurable furfural and hydroxymethylfurfural (HMF) were detected in the process, which makes it more fermentable/digestable compared to e.g. in dilute-acid pretreatment. Mishima *et al*. \[[@b143-ijms-9-1621]\] examined twenty chemical pretreatments in order to improve the efficiency of enzymatic hydrolysis of water hyacinth and water lettuce. It was shown that the alkaline/oxidative pretreatment, in which NaOH and H~2~O~2~ were used, was the most effective method for improving the enzymatic hydrolysis.

Sun *et al*. \[[@b114-ijms-9-1621]\] studied a two-stage process based on steam explosion pretreatment followed by alkaline peroxide post-treatment. Wheat straw was first steamed at 200--220 °C and 15--22 bar. The washed fiber was then delignified by 2% H~2~O~2~ at 50 °C for 5 h under pH 11.5. The steam explosion pretreatment resulted in a significant loss in hemicelluloses, and about 11--12% lignin removal, while the alkaline peroxide post-treatment resulted in 81--88% removal of the original lignin, which altogether removed 92--99% of the original lignin from wheat straw. They also showed that the basic structure remaining is of lignin nature only, which is important for those who plan biomass strategies especially in terms of chemical uses of lignin. Curreli *et al*. \[[@b144-ijms-9-1621]\] suggested two steps, mild alkaline/oxidative pretreatment at low temperature (25--40 °C) and low concentration of chemicals. Alkaline pretreatment (1% NaOH for 24 h) in the first step solubilizes hemicellulose, and a second alkaline/oxidative step (1% NaOH and 0.3% H~2~O~2~ for 24 h) in order to solubilize and oxidize lignin. The pretreatment is also useful in removing waxes, silica, and the waterproof cutins that coat plant tissue.

### 4.3.3. Organosolv process

Organosolv can be used to provide treated cellulose suitable for enzymatic hydrolysis, using an organic or aqueous organic solvent to remove or decompose the network of lignin and possibly a part of the hemicellulose \[[@b144-ijms-9-1621]--[@b147-ijms-9-1621]\]. In this process, lignocellulose is mixed with organic liquid and water and heated to dissolve the lignin and part of the hemicellulose, leaving reactive cellulose in the solid phase. In addition, a catalyst may be added either to reduce the operating temperature or to enhance the delignification process \[[@b24-ijms-9-1621]\]. Lignin in the biomass can be extracted from the solvent for e.g. generation of electricity, process heat, lignin-based adhesives and other products, due to its high purity and low molecular weight \[[@b148-ijms-9-1621]\].

In organosolv pretreatment of lignocellulosic materials, a large number of organic or aqueous-organic solvents at temperatures of 150--200 °C can be used with or without addition of catalysts such as oxalic, salicylic, and acetylsalicylic acid. Furthermore, the solvent may accompany acetic acid released from acetyl groups developed by hydrolysis of hemicelluloses. A variety of organic solvents such as alcohols, esters, ketones, glycols, organic acids, phenols, and ethers have been used. However, the price of solvent and simplicity in recovery of solvent should also be considered. The applied solvents should be separated by e.g. evaporation and condensation, and recycled to reduce the operational costs of the process. Removal of solvents from the pretreated cellulose is usually necessary because the solvents might be inhibitors to the enzymatic hydrolysis and fermentation or digestion of hydrolyzate \[[@b28-ijms-9-1621]\]. Araque *et al*. \[[@b149-ijms-9-1621]\] studied the organosolv acetone--water for pretreatment. They found the highest ethanol yield to be 99.5% after pretreatment at 195 °C, 5 min, pH 2.0, and 1:1 ratio of acetone-water. For economic reasons, the use of low-molecular-weight alcohols such as ethanol and methanol has been favored over alcohols with higher boiling points, e.g. ethylene glycol, tetrahydrofurfuryl alcohol \[[@b24-ijms-9-1621], [@b28-ijms-9-1621], [@b41-ijms-9-1621]\]. Ethanol is a common solvent, although it inhibits hydrolytic enzymes \[[@b23-ijms-9-1621]\]. It should therefore be removed from the solid fraction before enzymatic hydrolysis. The main advantage of the use of solvents over other chemical pretreatments is that relatively pure, low-molecular-weight lignin is recovered as a by-product \[[@b28-ijms-9-1621], [@b103-ijms-9-1621]\].

Organosolv can be used together with acid hydrolysis to separate hemicellulose and lignin in a two-stage fractionation. Papatheofanous *et al*. \[[@b150-ijms-9-1621]\] suggested such a system for pretreatment of biomass. Lignocellulosic raw material can first be treated with dilute aqueous acid (0.5--2.5 N sulfuric acid) at about 100°C for 10--60 min in order to selectively hydrolyze the hemicellulosic fraction. The aim of the second stage of the process is delignification of the pretreated lignocellulose by acidic conditions (2 N sulfuric acid) at about 81°C for 90 min. In this stage, ethanol is added (62.5--87.5%) to the system to provide the medium for dissolving and recovery of lignin generated under the acidic conditions. Negligible cellulose loss (less than 2% w/w of original cellulose) and high lignin removal (more than 70% w/w of original lignin) makes the two-stage low-temperature acid-catalyzed process interesting for laboratory pretreatment of lignocellulose before enzymatic hydrolysis.

### 4.3.4. Wet oxidation

Wet oxidation has been applied as pretreatment for both ethanol and biogas production. In this process, the materials are treated with water and air or oxygen at temperatures above 120°C (e.g. 148--200°C) for a period of e.g. 30 min \[[@b151-ijms-9-1621]--[@b153-ijms-9-1621]\]. The temperature, followed by reaction time and oxygen pressure, are the most important parameters in wet oxidation \[[@b154-ijms-9-1621]\]. The process is exothermic, and therefore it becomes self-supporting with respect to heat while the reaction is initiated \[[@b154-ijms-9-1621]\]. Wet oxidation of the hemicellulose fraction is a balance between solubilization and degradation. This process is an effective method in separating the cellulosic fraction from lignin and hemicellulose \[[@b24-ijms-9-1621], [@b155-ijms-9-1621]\]. Oxygen participates in the degradation reactions and allows operation at comparatively reduced temperatures by enhancing generation of organic acids. However, the control of reactor temperature is critical because of the fast rates of reaction and heat generation \[[@b153-ijms-9-1621]\]. The main reactions in wet oxidation pretreatment are the formation of acids from hydrolytic processes, as well as oxidative reactions. All three fractions of lignocellulosic materials are affected in this process. The hemicelluloses are extensively cleaved to monomeric sugars; the lignins undergo both cleavage and oxidation; and cellulose is partly degraded. The cellulose becomes highly susceptible to enzymatic hydrolysis \[[@b156-ijms-9-1621]\].

Bjerre *et al*. \[[@b157-ijms-9-1621]\] combined wet oxidation and alkaline hydrolysis for wheat straw pretreatment. The process resulted in a relatively highly convertible cellulose (85% conversion yield) and hemicellulose. However, addition of some alkaline agent such as sodium carbonate had only a small effect on the concentration of solubilized hemicellulose. Meanwhile, alkaline pretreatment conditions significantly decreased the degradation of hemicellulose to inhibitors, e.g. furfural \[[@b158-ijms-9-1621]\]. Martin et al. \[[@b159-ijms-9-1621]\] studied wet oxidation as a pretreatment method for enhancing the enzymatic convertibility of sugarcane bagasse. The pretreatment at 195 °C for 15 min solubilized 93--94% of hemicelluloses and 40--50% of lignin. The alkaline wet oxidation pretreatment at 185 °C for 5 min solubilized only 30% of hemicelluloses and 20% of lignin; meanwhile the alkaline condition reduced the formation of furans. The highest sugar yield in the liquid fraction was obtained at 185 °C, 5 min and acidic pH. The acidic wet oxidation pretreatment at 195 °C for 15 min resulted in the highest formation of carboxylic acids, phenols and furans, resulting in loss of a significant part of the polysaccharides due to degradation and formation of the by-products.

Lissens *et al*. \[[@b160-ijms-9-1621]\] used wet oxidation to improve anaerobic biodegradability and methane yields of several raw biowastes (food waste, yard waste, and digested biowaste treated in a full-scale biogas plant). Wet oxidation temperature (185--220°C) and oxygen pressure (0--12 bar) for 15 min were used to evaluate their effect on the methane yield. The wet oxidation process reportedly increased methane yields by approximately 35--70% from raw and digested lignocellulosic biowastes.

Similar to many other delignification methods, the lignin produced by wet oxidation cannot be used as a fuel, since a major part of the lignin undergoes both cleavage and oxidation. This phenomenon considerably reduces the income from this by-product at industrial scale for ethanol production from lignocellulosic materials \[[@b161-ijms-9-1621]\].

Wet oxidation can also be performed by oxidation agents such as hydrogen peroxide (H~2~O~2~). Azzam \[[@b162-ijms-9-1621]\] showed that the pretreatment with hydrogen peroxide greatly enhanced the susceptibility of cane bagasse to enzymatic hydrolysis. About 50% of the lignin and most hemicellulose were solubilized by treating the biomass with 2% H~2~O~2~ at 30°C within 8 h, giving 95% efficiency of glucose production from cellulose enzymatic hydrolysis.

### 4.3.5. Ozonolysis pretreatment

Pretreatment of lignocellulosic materials can be performed by treatment with ozone, referred to as "ozonolysis" pretreatment. This method can effectively degrade lignin and part of hemicellulose. The pretreatment is usually carried out at room temperature, and does not lead to inhibitory compounds \[[@b163-ijms-9-1621]\]. However, ozonolysis might be expensive since a large amount of ozone is required \[[@b28-ijms-9-1621]\]. The main parameters in ozonolysis pretreatment are moisture content of the sample, particle size, and ozone concentration in the gas flow. Among these parameters, an essential factor is the percentage of water in the feed, and it has the most significant effect on the solubilization. The optimum water content was found to be around 30%, corresponding to the saturation point of the fibers. This is an attractive pretreatment method since it does not leave acidic, basic, or toxic residues in the treated material \[[@b164-ijms-9-1621]\].

Ozonolysis pretreatment for biogas production was investigated to improve digestion of several wastes such as sewage-activated sludge \[[@b165-ijms-9-1621]--[@b167-ijms-9-1621]\] and olive mill waste \[[@b168-ijms-9-1621]\]. The ozone also reduced the phenolic compounds present in olive mill waste, which are toxic to methanogenic bacteria, and resulted in improvement of the digestion.

### 4.3.6. Acid hydrolysis pretreatment

Treatment of lignocellulosic materials with acid at a high temperature can efficiently improve the enzymatic hydrolysis. Sulfuric acid is the most applied acid, while other acids such as HCl and nitric acid were also reported \[[@b3-ijms-9-1621]\]. The acid pretreatment can operate either under a high temperature and low acid concentration (dilute-acid pretreatment) or under a low temperature and high acid concentration (concentrated-acid pretreatment). The lower operating temperature in concentrated-acid pretreatment (e.g. 40 °C) is a clear advantage compared to dilute-acid processes. However, high acid concentration (e.g. 30--70%) in the concentrated-acid process makes it extremely corrosive and dangerous. Therefore, this process requires either specialized non-metallic constructions or expensive alloys. The acid recovery, which is necessary in the concentrated-acid process for economical reasons, is an energy-demanding process. On the other hand, the neutralization process produces large amounts of gypsum. The high investment and maintenance costs also reduce the commercial interest in this process as a commercial option \[[@b23-ijms-9-1621], [@b99-ijms-9-1621], [@b169-ijms-9-1621]\].

Dilute-acid hydrolysis is probably the most commonly applied method among the chemical pretreatment methods. It can be used either as a pretreatment of lignocellulose for enzymatic hydrolysis, or as the actual method of hydrolyzing to fermentable sugars. Different types of reactors such as batch, percolation, plug flow, countercurrent, and shrinking-bed reactors, for either pretreatment or hydrolysis of lignocellulosic materials by the dilute-acid processes, have been applied. These processes and different aspects of dilute-acid hydrolysis and pretreatment have recently been reviewed \[[@b3-ijms-9-1621], [@b4-ijms-9-1621]\]. At an elevated temperature (e.g. 140--190 °C) and low concentration of acid (e.g. 0.1--1% sulfuric acid), the dilute-acid treatment can achieve high reaction rates and significantly improve cellulose hydrolysis. Almost 100% hemicellulose removal is possible by dilute-acid pretreatment. The pretreatment is not effective in dissolving lignin, but it can disrupt lignin and increases the cellulose's susceptibility to enzymatic hydrolysis \[[@b23-ijms-9-1621], [@b170-ijms-9-1621]\].

Dilute-acid pretreatment can be performed either in short retention time (e.g. 5 min) at high temperature (e.g. 180 °C) or in a relatively long retention time (e.g. 30--90 min) at lower temperatures (e.g. 120 °C). Sun and Cheng \[[@b171-ijms-9-1621]\] pretreated rye straw and Bermuda grass for ethanol production by enzymatic hydrolysis at 121°C with different sulfuric acid concentrations (0.6, 0.9, 1.2 and 1.5%, w/w) and residence times (30, 60, and 90 min). Emmel *et al*. \[[@b15-ijms-9-1621]\] pretreated *Eucalyptus grandis* impregnated with 0.087 and 0.175% (w/w) H~2~SO~4~ at 200--210°C for 2--5 min. The best conditions for hemicellulose recovery were obtained at 210°C for 2 min, while a lower pretreatment temperature of 200°C was enough to obtain the highest yield of cellulose conversion (90%) by enzymatic hydrolysis.

The optimum conditions for the highest hemicellulosic sugars recovery do not necessarily mean the most effective conditions for enzymatic hydrolysis. Cara *et al*. \[[@b172-ijms-9-1621]\] reported the maximum hemi-cellulose recovery (83%) of olive tree biomass to be obtained at 170 °C and 1% sulfuric acid concentration, but the enzyme accessibility of the corresponding pretreated solid was not very high. The maximum enzymatic hydrolysis yield (76.5%) was obtained when pretreated at 210 °C with 1.4% acid concentration. The maximum total sugars, 75% of all sugars present in olive tree biomass, were obtained when the feedstock was pretreated by dilute acid at 180 °C with 1% sulfuric acid concentration. This indicates that the highest overall sugars, higher hemicellulose recovery and higher enzymatic hydrolysis yield can be achieved under respectively different conditions.

Pretreatment with acids such as acetic and nitric were also used to remove lignin from waste newsprints \[[@b173-ijms-9-1621]\] and activated sludge \[[@b174-ijms-9-1621]\] for biogas production. Cellulose-lignin association is considered to be the major limiting factor on long-term anaerobic digestion of newsprint. Pretreatment of bagasse and coconut fibers with HCl improved the formation of biogas from these materials by 31% and 74%, respectively \[[@b175-ijms-9-1621]\]. Acetic acid cannot dissolve lignin even at a very high concentrations, e.g. as high as 80%, at elevated temperature (in a boiling water bath) for 30 min. In order to effectively dissolve significant amounts of lignin, nitric acid should be added. A treatment of newsprints with 30% acetic acid and 2% nitric acid resulted in removing 80% of the lignin and increasing the cellulose/lignin ratio from 1.6 to 9.9. This treatment gave improved digestion of the newsprints. The production of biogas increased by three times within 60 days incubation, from 97 ml CH~4~/g VS for the untreated newsprints to 364 ml CH~4~/gVS for the treated ones. A portion of the nitric acid might be replaced by another strong acid like hydrochloric acid; however, a longer reaction time may be required for pretreatments with lower concentrations of nitric acid \[[@b173-ijms-9-1621]\].

Dilute-acid hydrolysis can be combined with other chemical treatments. Azzam \[[@b176-ijms-9-1621]\] studied pretreated bagasse in a solution of ZnCl~2~ and 0.5% hydrochloric acid, heated at 145°C for 10 min, cooled and precipitated with acetone. The pretreated biomass was highly hydrolysable (yield of 93%) by cellulase.

The major drawback of some pretreatment methods, particularly at low pH is the formation of different types of inhibitors such as carboxylic acids, furans and phenolic compounds \[[@b4-ijms-9-1621], [@b19-ijms-9-1621]\]. These chemicals may not affect the enzymatic hydrolyses, but they usually inhibit the microbial growth and fermentation, which results in less yield and productivity of ethanol or biogas \[[@b3-ijms-9-1621]\]. Therefore, the pretreatments at low pH should be selected properly in order to avoid or at least reduce the formation of these inhibitors.

4.4. Biological pretreatment
----------------------------

Microorganisms can also be used to treat the lignocelluloses and enhance enzymatic hydrolysis. The applied microorganisms usually degrade lignin and hemicellulose but very little part of cellulose, since cellulose is more resistance than the other parts of lignocelluloses to the biological attack. Several fungi, e.g. brown-, white- and soft-rot fungi, have been used for this purpose. White-rot fungi are among the most effective microorganisms for biological pretreatment of lignocelluloses \[[@b28-ijms-9-1621]\].

Taniguchi *et al*. \[[@b177-ijms-9-1621]\] evaluated biological pretreatment of rice straw using four white-rot fungi (*Phanerochaete chrysosporium, Trametes versicolor, Ceriporiopsis subvermispora,* and *Pleurotus ostreatus*) on the basis of quantitative and structural changes in the components of the pretreated rice straw as well as susceptibility to enzymatic hydrolysis. Pretreatment with *P. ostreatus* resulted in selective degradation of the lignin rather than the holocellulose component, and increased the susceptibility of rice straw to enzymatic hydrolysis. Some bacteria can also be used for biological pretreatment of lignocellulosic materials. Kurakake *et al*. \[[@b178-ijms-9-1621]\] studied the biological pretreatment of office paper with two bacterial strains, *Sphingomonas paucimobilis* and *Bacillus circulans*, for enzymatic hydrolysis. Biological pretreatment with the combined strains improved the enzymatic hydrolysis of office paper from municipal wastes. Under optimum conditions, the sugar recovery was enhanced up to 94% for office paper.

Biological treatments with microorganisms or enzymes are also investigated to improve digestion in biogas production. The biological pretreatment might be used not only for lignin removal, but also for biological removal of specific components such as antimicrobial substances. Solid-state fermentation of orange peels by fungal strains of *Sporotrichum, Aspergillus, Fusarium and Penicillum* enhanced the availability of feed constituents and reduced the level of the antimicrobial substances \[[@b179-ijms-9-1621]\]. In a similar work, cultivation of white-rot fungi was used to detoxify olive mill wastewater and improve its digestion \[[@b180-ijms-9-1621]\].

Low energy requirement, no chemical requirement, and mild environmental conditions are the main advantages of biological pretreatment. However, the treatment rate is very low in most biological pretreatment processes \[[@b28-ijms-9-1621]\].

5. Concluding remarks
=====================

Several pretreatment methods have been presented for lignocelluloses and waste materials in order to improve ethanol or biogas production. All these methods should make the lignocelluloses available to the enzymatic attack, where crystallinity of cellulose, its accessible surface area and protection by lignin and hemicellulose are the main factors in order to obtain an efficient hydrolysis. In addition, the efficient utilization of the hemicelluloses is an opportunity to reduce the cost of ethanol or biogas production. Diverse advantages have been reported for most of the pretreatment methods, which make them interesting for industrial applications. While methods such as dilute acid, hot water, AFEX, ammonia recycle percolation, and lime are capital-intensive \[[@b117-ijms-9-1621]\], some other methods such as biological pretreatment are extremely slow \[[@b28-ijms-9-1621]\]. Furthermore, some technological factors such as energy balance, solvent recycling and corrosion, as well as environmental factors such as wastewater treatment, should be carefully considered for the selected method.
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###### 

Pretreatment processes of lignocellulosic materials

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pretreatment method                              Processes                             Studied application                                                                                                                                                          Possible changes in biomass                                                                                           Notable remarks                                                                    Selected References
  ------------------------------------------------ ------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Physical pretreatments**                       **Milling:**\                         Ethanol                                                                                                                                                                      \- Increase in accessible surface area and pore size\                                                                 \- Most of the methods are highly energy-demanding\                                \[[@b57-ijms-9-1621], [@b58-ijms-9-1621], [@b63-ijms-9-1621]\]
                                                   - *Ball milling*\                                                                                                                                                                                                  - Decrease in cellulose crystallinity\                                                                                - Most of them cannot remove the lignin\                                           
                                                   - *Two-roll milling*\                                                                                                                                                                                              - Decrease in degrees of polymerization                                                                               - It is preferable not to use these methods for industrial applications\           
                                                   - *Hammer milling*\                                                                                                                                                                                                                                                                                                                      - No chemicals are generally required for these methods                            
                                                   - *Colloid illing*\                                                                                                                                                                                                                                                                                                                                                                                                         
                                                   - *Vibro energy milling*                                                                                                                                                                                                                                                                                                                                                                                                    

  **Irradiation:**\                                Ethanol and biogas                    \[[@b74-ijms-9-1621], [@b82-ijms-9-1621]--[@b85-ijms-9-1621]\]                                                                                                                                                                                                                                                                                                                        
  - *Gamma-ray irradiation*\                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  - *Electron-beam irradiation*\                                                                                                                                                                                                                                                                                                                                                                                                                                               
  - *Microwave irradiation*                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  **Others:**\                                     Ethanol and biogas                    \[[@b101-ijms-9-1621], [@b153-ijms-9-1621]\]                                                                                                                                                                                                                                                                                                                                          
  - *Hydrothermal*\                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  - *High pressure steaming*\                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  - *Expansion*\                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  - *Extrusion*\                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  - *Pyrolysis*                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  **Chemical and physicochemical pretreatments**   **Explosion:**\                       Ethanol and biogas                                                                                                                                                                                                                                                                                                                                                                    \[[@b15-ijms-9-1621], [@b37-ijms-9-1621], [@b43-ijms-9-1621], [@b46-ijms-9-1621], [@b47-ijms-9-1621], [@b50-ijms-9-1621]--[@b54-ijms-9-1621], [@b93-ijms-9-1621], [@b95-ijms-9-1621], [@b100-ijms-9-1621], [@b118-ijms-9-1621]--[@b120-ijms-9-1621], [@b156-ijms-9-1621]\]
                                                   - *Steam explosion*\                                                                                                                                                                                                                                                                                                                                                                                                        
                                                   - *Ammonia fiber explosion (AFEX)*\                                                                                                                                                                                                                                                                                                                                                                                         
                                                   - CO~2~*explosion*\                                                                                                                                                                                                                                                                                                                                                                                                         
                                                   - SO~2~*explosion*                                                                                                                                                                                                                                                                                                                                                                                                          

  **Alkali:**\                                     Ethanol and biogas                    \[[@b132-ijms-9-1621], [@b127-ijms-9-1621]\]                                                                                                                                                                                                                                                                                                                                          
  - *Sodium hydroxide*\                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  - *Ammonia*\                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  - *Ammonium Sulfite*                                                                                                                                                                                                                                                                                                                                                                                                                                                         

  **Acid:**\                                       Ethanol and biogas                    \- Increase in accessible surface area\                                                                                                                                      \- These methods are among the most effective and include the most promising processes for industrial applications\   \[[@b3-ijms-9-1621], [@b4-ijms-9-1621], [@b21-ijms-9-1621], [@b36-ijms-9-1621]\]   
  - *Sulfuric acid*\                                                                     - Partial or nearly complete delignification\                                                                                                                                - Usually rapid treatment rate\                                                                                                                                                                          
  - *Hydrochloric acid*\                                                                 - Decrease in cellulose crystallinity\                                                                                                                                       - Typically need harsh conditions\                                                                                                                                                                       
  - *Phosphoric acid*                                                                    - Decrease in degrees of polymerization\                                                                                                                                     - There are chemical requirements                                                                                                                                                                        
                                                                                         - Partial or complete hydrolysis of hemicelluloses                                                                                                                                                                                                                                                                                                                                    

  **Gas:**\                                        Ethanol and biogas                    \[[@b56-ijms-9-1621]\]                                                                                                                                                                                                                                                                                                                                                                
  - *Chlorine dioxide*\                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  - *Nitrogen dioxide*\                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  - *Sulfur dioxide*                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  **Oxidizing agents:**\                           Ethanol and biogas                    \[[@b151-ijms-9-1621], [@b154-ijms-9-1621], [@b156-ijms-9-1621], [@b157-ijms-9-1621], [@b159-ijms-9-1621], [@b162-ijms-9-1621], [@b164-ijms-9-1621]--[@b168-ijms-9-1621]\]                                                                                                                                                                                                            
  - *Hydrogen peroxide*\                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  - *Wet oxidation*\                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  - *Ozone*                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  **Solvent extraction of lignin:**\               Ethanol                                                                                                                                                                                                                                                                                                                                  \[[@b121-ijms-9-1621]\]                                                            
  - *Ethanol-water extraction*\                                                                                                                                                                                                                                                                                                                                                                                                                                                
  - *Benzene-water extraction*\                                                                                                                                                                                                                                                                                                                                                                                                                                                
  - *Ethylene glycol extraction*\                                                                                                                                                                                                                                                                                                                                                                                                                                              
  - *Butanol-water extraction*\                                                                                                                                                                                                                                                                                                                                                                                                                                                
  - *Swelling agents*                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  **Biological pretreatments**                     ***Fungi and actinomycetes***         Ethanol and biogas                                                                                                                                                           \- Delignification\                                                                                                   \- Low energy requirement\                                                         \[[@b158-ijms-9-1621], [@b178-ijms-9-1621]--[@b180-ijms-9-1621]\]
                                                                                                                                                                                                                                                                      - Reduction in degree of polymerization of cellulose\                                                                 - No chemical requirement\                                                         
                                                                                                                                                                                                                                                                      - Partial hydrolysis of hemicellulose                                                                                 - Mild environmental conditions\                                                   
                                                                                                                                                                                                                                                                                                                                                                                            - Very low treatment rate\                                                         
                                                                                                                                                                                                                                                                                                                                                                                            - Did not consider for commercial application                                      
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
